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Abstract. I reportresultson theX � 3872� from theTevatron.Massandotherpropertieshave been
studied,with afocusonnew resultsonthedipionmassspectrumin X � J � ψ π � π � decays.Dipions
favor interpretingthe decayas J � ψ ρ , implying evenC-parity for the X . Modeling uncertainties
do not allow distinguishingbetweenS- and P-wave decaysof the J � ψ-ρ mode.Effectsof ρ-ω
interferencein X decayarealsointroduced.
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Thecharmonium-like X � 3872	 standsasa majorspectroscopicpuzzle.Its massand
what is known of its decaysmakescc̄ assignmentsproblematic.Exotic interpretations
havebeenoffered,notablythattheX maybea D0-D 
 0 “molecule” [1].

X � 3872	�� J  ψ π � π � was confirmedby CDF [2] and DØ [3], and is copiously
producedatFermilab’s p̄p collider—albeitwith highbackgrounds.Massmeasurements
arecomparedin Fig. 1, with an averageof 3871� 2 � 0 � 4 MeV c2. DØ studiedotherX
propertiesby comparingthe fractionsof X yield in varioustypesof subsamplesto the
correspondingfractionsfor theψ � 2S 	 [3]. Theresultsfor 230pb� 1 aresummarizedin
Fig. 1, wherethesubsamplesarethefractionof signalwhichhave:a) pT � J  ψππ 	�� 15
GeV, b) � y � J  ψππ 	���� 1,c) cos� θπ 	�� 0 � 4 (π helicity angle),d) properdecaylengthct �
100µm, e) no trackswith ∆R � 0 � 5 aroundthecandidate,f) cos� θµ 	�� 0 � 4 (µ helicity
angle).In all casestheX resultsarecompatiblewith thoseof theψ � 2S 	 . CDF usedthe
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FIGURE 1. LEFT: Summaryof X-massmeasurementscomparedto theD0D & 0 andD � D &'� thresholds.
RIGHT: DØ’s comparisonof X production/decaypropertiesto thatof theψ � 2S � [3]. Thefractionof the
yield surviving thelistedcut is plotted(seetext for descriptions).
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FIGURE 2. LEFT: The ψ � 2S � dipion massspectrumwith fits of 3S1 multipole expansionand an
oldercalculationof Brown andCahn.RIGHT: TheX � 3872� dipionmassspectrumwith fits of multipole
expansionpredictionsfor C-oddcharmonia,andof X � J � ψ ρ for L 9 0 and1 usinga relativistic Breit-
Wignerwith Blatt-Weisskopf factors(Rρ 9 0 : 3 andRX 9 1 : 0 fm).

properdecaylengthct to quantifythefractionof X ’s thatcomefrom b-hadrons,versus
thosethatarepromptlyproduced.Using220pb� 1, CDF findsthefractionof X ’s from
b-decaysis 16� 1 � 4 � 9 � 2 � 0%, in contrastto 28� 3 � 1 � 0 � 0 � 7% of ψ � 2S 	 ’s [4]. The X
fractionis somewhatlower thantheψ � 2S 	 ’s,but within ; 2σ . Fromtheseperspectives
theX is compatiblewith theψ � 2S 	 . ThelargeX -productionat theTevatronis indicative
to someof a charmoniumcharacter[5]. Naïvely one expectsproductionof a fragile
D0-D 
 0 molecule,bound by anMeV or less, to be suppressed.It may, however, be
sufficient to accommodatethesefeaturesif theX merelyhasasignificantcc̄ “core.”

Anotherpropertyis thedipion massspectrum.If theX hasevenC-parity, thedipions
are (to lowest L) in a 1 �<� isovectorstate,anddominatedby the ρ0. An odd-C state
produces0�<� dipions,for which QCDmultipoleexpansionpredictionsexist for cc̄.

CDF used360 pb� 1 ( ; 1 � 3k X ’s) to measurethe ππ-spectrum[6, 7]. The sample
is divided into mππ “slices” and fitted for X � 3872	 and ψ � 2S 	 yields. After modest
efficiency corrections,thespectraof Fig.2 wereobtained.Theψ � 2S 	 is agoodreference
signalandis well modeledby multipolepredictions[8]. Also in Fig. 2 aremultipolefits
to the X for theC-odd cc̄ states.The 1P1 and3DJ fits areunacceptable.The 3S1 is an
excellentfit to theX , but no 3S1 cc̄ is availablefor assignmentin this massregion.

Earlier this spring CDF provided J  ψ ρ fits using a simple non-relativistic Breit-
Wignersculptedby phasespace[6]. Goodagreementwasobtained(36%probability).
About the sametime Belle releasednew dipion datafit with a more sophisticatedρ
model[9], which includedthe effectsof angularmomentumL for the J  ψ-ρ system.
The phase-spacefactorof the J  ψ momentumin the X rest-frame,k 
 , generalizesto� k 
=	 2L � 1, therebyturning off the massspectrumat the upperkinematiclimit (k 
>� 0)
fasterfor L ? 1 thanfor L ? 0. Belle obtaineda goodfit for S-wave decay, but only
a 0 � 1% probability for L ? 1. Thus, the latter casewas strongly disfavored, and in
conjunctionwith angularinformation,Belle arguedfor a 1�<� assignmentfor theX [9].
Theabove CDF fit for J  ψ ρ wasimplicitly for L ? 0. A CDF fit usingBelle’s L ? 1
modelalsoyields0 � 1%probability. Theimplicationis, however, not robust.



Breit-Wigner formulationsareoftenmodifiedby Blatt-Weisskopf form factors[10].
The centrifugalmodification to � k 
@	 2L � 1 tendsto be too strong,and for L ? 1 it is
multiplied by f1i � k 
@	 ∝ � 1 A R2

i k 
 2 	 � 1
2 , whereRi is a “radius” of meson-i. Specifically,

CDF’s J  ψ ρ model is: dN  dmππ ∝ � k 
 	 2L � 1 f 2
LX � k 
 	B�Bρ � 2 for angularmomentumL.

Theρ propagatorBρ ∝ C mππΓρ � mππ 	DFE m2
ρ G m2

ππ G imρ Γρ � mππ 	IH , whereΓρ � mππ 	J?
Γ0 K q 
@ q 
0 L 3 M E mρ  mππ HNE f1ρ � q 
@	O f1ρ � q 
0 	IH 2, q 
 is theπ momentumin theππ rest-frame,
andq 
0 P q 
�� mρ 	 . Theρ parametersmρ andΓ0 aretakenfrom thePDG.TheL ? 0 factor
is f0i � x 	Q? 1. The f1i factorsrequiretwo uncertainparameters,RX and Rρ . For light
mesons,like theρ , values; 0 � 3 fm areusuallyfound,whereasfor charmmesonslarger
radii ; 1 fm areoften used[11]. Choosingthesevaluesfor Rρ andRX , CDF obtains
thefits in Fig. 2 (Right). The L ? 0 fit hasan excellentprobability of 55%.While the
L ? 1 probabilityis not quantitatively asgood,it is a respectable7.7%.This P-wave fit
is sensitive to theRi’s,wherebytheprobabilitycanbeincreasedby loweringRρ and/or
raisingRX . Weconcludethatflexibility in thefit modelcanaccommodateeitherL.

Othermodelinguncertaintiesmayarise,for example,theeffectsof ρ-ω interference.
Belle reportedX � J  ψ π � π � π0, andinterpretsit asdecayvia a virtual ω. As such,
they find theratio of J  ψ ω to J  ψ ρ branchingratios R 3S 2 is 1 � 0 � 0 � 5 [12]. Although

ω � π � π � is nominallynegligible here,its interferenceeffectsmaynot be.
dN2π  dmππ is generalizedby replacing �Bρ � 2 with �AρBρ A eiφ AωBω2π � 2 whereAρ

and Aω are X -decayamplitudesvia ρ and ω, and φ is the relative phase.The form
for Bω2π is identical to Bρ exceptρ quantitiesarereplacedby ω ones,including the
ω � ππ branchingratio. Theratio �Aω  Aρ � is establishedby therelationshipbetweenR 3S 2 andtheintegralsof dN2π  dmππ anddN3π  dm3π for X � J  ψ π � π � π0, wherethe

latter is ∝ �AωBω3π � 2. TheBω3π follows Bω2π exceptthenumeratorcontainsΓω3π � m 	 .
While Γω2π � m 	 follows Γρ � m 	 , a differentform for Γω3π � m 	 is adaptedfrom theSND
experimentstudyinge � e � � π � π � π0 [13]. They modelω � π � π � π0 asvirtual ρπ
decaysandusetheω matrix-element�UTqπ V M Tqπ W � 2, where Tqπ VYXZW areπ � S � momenta.

The integral of dN2π  dmππ dependsupon the phase,which is a priori unknown.
As an illustration, �Aω  Aρ � is determinedassumingthatφ arisescompletelyfrom ρ-ω
mixing, i.e.φ ? 95[ [14]. ThedN2π  dm2π decomposesinto threeparts:“pure” ρ andω
terms,andaninterferencecross-term.In thismodelwith R 3S 2 ? 1 � 0, thesefractionsare,
respectively, 71.0,6.2,and22.8%for S-wave decay, and67.4,8.7,23.9%for P-wave.
Fits with thesefractionsimposedare shown in Fig. 3 (Left). The S-wave probability
hasdeclinedasthe modelpeakstoo muchat high mass,but is still very goodat 19%.
Increasingtheamountof highmasseswith interferenceimprovestheP-wavefit to 53%.
TheL ? 1 fit is sensitive to φ andRX asis seenin the insetof Fig. 3. Thedependence
on Rρ is relatively weakfor bothL. Theoverall picturefrom thesefits is insensitive to
the � 1σ spanof R 3S 2, asis seenin Fig. 3 (Right).

In summary, propertiesof X � 3872	\� J  ψ π � π � studiedat the Tevatronarequite
similar to thoseof the ψ � 2S 	 . Thereis no viable C-odd charmoniumassignmentac-
cording to QCD multipole expansionfits to the ππ-massspectrum.Decayto J  ψ ρ
providesgoodfits, irrespective of thecc̄ structure.This impliestheX is C-even,in-line
with Belle’s reportof X � J  ψ γ [12]. Theeffectsof ρ-ω interferenceareintroduced,
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FIGURE 3. LEFT: Blow-up of the dipion spectrumwith J � ψ ρ fits for L 9 0 (lines) and1 (shaded)
including ρ-ω interferencewith 95s phaseandsub-componentssetby t 3u 2 9 1 : 0. The decomposition
into ρ , interference,andω termsis given.The insetshows L 9 1 fit probabilitiesasa functionof φ and
RX in 5% contours.RIGHT: J � ψ ρ fit probabilitiesfor L 9 0 (shaded)and1 (hatched)asa functionof
phase.Thebandsspanthe v 1σ rangeof t 3u 2.

andcanbequiteimportant.This typeof ρ-ω modelinghighlightsthat R 3S 2 ; 1 implies
the intrinsic amplitudefor X � J  ψ ρ is actually significantlysuppressedrelative to
J  ψ ω by virtue of the muchgreaterphasespacefor J  ψ ρ decayover J  ψ ω. Given
themodelinguncertaintiesgoverningthe tails of theBreit-Wigners—especiallyif ρ-ω
interferenceis in play—theCDF spectrumcanbewell describedby J  ψ ρ decayof ei-
therL ? 0 or 1: suchasfrom C-evencharmonia(e.g.1�<� or 2 �F� ) or from a1�<� exotic
aspreferredfor a D0-D 
 0 molecule.
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